The inappropriate activation of protein-tyrosine kinases (PTKs) has been associated with initiation and progression of several types of human cancers. We therefore postulated that immortalization by DNA tumor viruses results in the induction of PTKs fundamental to these processes. An RT ± PCR-based screen was thus used to identify PTKs that were abundantly expressed in HPV-18-immortalized epithelial cells and HPV-containing carcinoma cell lines. One of the genes isolated in this screen was the focal adhesion kinase (FAK; pp125 FAK ), a cytoplasmic protein kinase that is activated in v-src transformed cells or by stimulation with mitogenic polypeptides. FAK also becomes catalytically active upon integrin engagement with extracellular matrix proteins, such as ®bronectin. We found that FAK expression and activity were signi®cantly elevated in HPV-18 E6/E7-immortalized human genital epithelial cells relative to their primary cell counterparts. Protein expression and tyrosine phosphorylation of the putative FAK substrate, paxillin, were also notably increased upon HPV-18 immortalization of genital epithelial cells and in HPV-containing cervical carcinoma cell lines. Most signi®cantly, these cells expressed markedly higher levels of both intracellular and extracellular ®bronectin, thus providing a mechanism for activation of FAK and increased tyrosine phosphorylation of paxillin. These ®ndings suggest a role for the integrin/FAK-mediated signaling pathway in cervical carcinogenesis and represent one of the ®rst demonstrations of a tyrosine kinase whose activity is elevated following viral immortalization.
Introduction
A large body of clinical, epidemiological, and molecular evidence clearly associates a subgroup of the human papillomaviruses (HPVs) with the onset of cervical carcinoma (high-risk HPVs; [zur Hausen, 1991] ). Although HPVs are almost always found in cervical carcinoma cells, the presence of the virus is not sucient for the induction of malignant progression. The virus is usually present for long latency periods and only rarely does progression of lesions, resulting from multiple genetic events, lead to carcinoma (zur Hausen and de Villiers, 1994) . However, in cell culture, the high-risk HPV types 16 or 18 are capable of inducing the ecient immortalization of human keratinocytes (HFKs) from neonatal foreskins (DuÈ rst et al., 1987; Pirisi et al., 1987; Schlegel et al., 1988) , cervix (Woodworth et al., 1988) , mammary glands (Band et al., 1990; Wazer et al., 1995) , trachea (Yankaskas et al., 1993) , and prostate (Rhim et al., 1994) . Although appearing to have inde®nite life spans, these cultures do not acquire tumorigenic properties, thus indicating that these cells represent an early stage of carcinogenesis (DuÈ rst et al., 1987; Pirisi et al., 1987; Schlegel et al., 1988; Woodworth et al., 1988) .
The genes responsible for immortalization of epithelial cells are de®ned as E6 and E7 (for review, see Stoppler et al., 1994; MuÈ nger et al., 1989a) . The E6 and E7 oncoproteins function much like large T antigen of SV40 and E1A/E1B of adenovirus since they bind and inactivate the cellular tumor suppressor proteins p53 and pRb, respectively (DeCaprio et al., 1988; Dyson et al., 1989; MuÈ nger et al., 1989b; Werness et al., 1990; Whyte et al., 1988) . This suggests that the inactivation of the cellular targets of DNA tumor viruses is sucient for the process of immortalization but not for tumorigenesis. The interaction of the papillomavirus E6 protein with p53 results in the targeted degradation of p53 through the ubiquitin pathway, thereby eliminating p53-dependent control of the cell-cycle (Schener et al., 1990) . The E7 protein binds to the retinoblastoma (Rb) family of proteins (Dyson et al., 1989; MuÈ nger et al., 1989b) resulting in the dissociation of the E2F transcription factors from Rb and the loss of cell-cycle control (Imai et al., 1991; Morris et al., 1993) . The Rb family of proteins normally regulates cell-cycle progression by interaction with the E2F family of transcription factors, thus preventing the activation of E2F-dependent transcription. Therefore, the common mechanism of E6 and E7 in the process of cellular immortalization is the disruption of normal cell-cycle control. Based on these observations, the in vitro immortalization of cervical epithelial cells by HPV possibly re¯ects early stages of cervical cancer. Thus, these immortalized epithelial cells provide an invaluable resource for identifying genes which contribute to extended cell life or immortalization.
We hypothesized that cellular immortalization by DNA tumor viruses results in the upregulation of protein-tyrosine kinases (PTKs) that are associated with this process. Previous studies have demonstrated that many oncogenes, including the Src family members, are PTKs that, when overexpressed, are capable of contributing to cellular transformation of normal epithelial cells. We have found that elevated levels of activated FAK are present in HPV-18-immortalized cervical and foreskin epithelial cells but not in their primary cell counterparts. Increased FAK activity in HPV-18-containing cells was accompanied by an increase in intracellular and extracellular ®bronectin expression and tyrosine phosphorylation of the focal adhesion protein, paxillin. These ®ndings suggest that HPV-18 immortalization leads to the induction of an autocrine mechanism involving the secretion of ®bronectin to the extracellular matrix and the stimulation of the integrin/FAK signaling pathway.
Results

Identi®cation of protein-tyrosine kinases in HPVcontaining epithelial cells
We utilized a model epithelial cell culture system in which normal primary epithelial cells derived from human ectocervix (CEs) and neonatal foreskin (HFK), both considered the natural host for HPV infections, were immortalized by infection with a retrovirus expressing HPV-18 E6 and E7 genes or with SV40. Colonies of immortalized cells emerged after 2 to 3 weeks of incubation in a de®ned keratinocyte growth medium. Cultures from the same cervix or foreskin which were not transfected or infected were propagated and harvested for protein analysis (immunoblots and kinase assays) in parallel with their immortalized counterparts. To identify protein-tyrosine kinase genes that participate in the progression of cervical cancer, an RT ± PCR-based strategy was employed using degenerate primers corresponding to highly conserved PTK domains (Hanks and Lindberg, 1991; Hanks and Quinn, 1991) . The puri®ed RNAs were used for minusstrand cDNA synthesis using either poly-dT18 or PTKII (see Materials and methods section) to prime the reverse-strand synthesis. The single-stranded cDNA products were then used in PCR reactions with oligonucleotides (oligos) corresponding to two highly conserved regions of the catalytic domains of tyrosine kinases (PTK I: domain VI; PTK II: domain IX) which are separated by about 200 base pairs (bp). These oligos were modi®ed from previously published studies in that they contain inosine (I) at positions of degeneracy and they anneal to considerably longer stretches of the conserved protein kinase domains (Wilks, 1991) . The PCR products were subcloned, sequenced and the DNA sequences were analysed using the NCBI TBLASTN and BLASTP programs to determine the open reading frames. Using this approach, PTKs from cervical carcinoma cell lines (SiHA and HeLa) and cervical cells immortalized with a retrovirus expressing the HPV-18 E6 and E7 genes, were isolated and identi®ed as PTK genes (receptor and nonreceptor). A high percentage (25%) of the total clones obtained from the two dierent HPV-positive cervical cancer cell lines and the HPV-18-immortalized CEs were derived from the focal adhesion kinase (pp125 FAK , FAK; for review see Parsons et al., 1994) , suggesting that this gene was highly expressed in these cell lines.
Expression and autophosphorylation of FAK in HPVcontaining epithelial cells
To investigate whether FAK is indeed upregulated during the process of HPV-18 immortalization, immunoblot analysis was carried out as described in the Materials and methods section on total cell extracts of early passage and rapidly proliferating primary HFKs, CEs, or single cell clones of the same primary CEs which were immortalized by transfection of the (Kanner et al., 1990) . The cell cultures indicated at the top were extracted and equivalent amounts of lysate (100 mg) were analysed by SDS ± PAGE followed by Western immunoblot analysis as described in the Materials and methods section using chemiluminescence. Lanes 1 and 3, CE-1 and CE-4 represent cultures derived from the ectocervices of two individuals; lanes 2 and 4, CE-1 HPV18 and CE-4 HPV18 cell lines generated by infection of CE-1 and CE-4 cultures with a retrovirus that expresses HPV-18 E6/E7 genes; lane 5, SiHa cervical carcinoma cell line; lane 6, a primary keratinocyte culture derived from a neonatal foreskin; lane 7, a previously characterized immortalized human foreskin keratinocyte cell line established by transfection of the CCB-18 plasmid (Barbosa and Schlegel, 1989) ; lane 8, CE-1-SV40 represents an immortalized cell line which was generated by infection of the CE-1 primary cell culture with SV40; lanes 9 ± 11, three HPV-positive cervical carcinoma cell lines. The SiHa extract was loaded on both panels as an internal control for FAK levels HPV-18 E6/E7 genes ( Figure 1 ). The relative levels of FAK expression were also compared to three HPVpositive cervical cancer cell lines, SV40-immortalized cervical cells, and a previously established HPV-18 E6/ E7-immortalized HFK cell line (HFK-18Nco; Barbosa and Schlegel, 1989) . When equivalent amounts of protein (100 mg) were separated by SDS ± PAGE, blotted to membrane, and probed with a monoclonal antibody directed against the human FAK protein (Kanner et al., 1990) , high levels of expression were detected in HPV-18-and SV40-immortalized cell lines, as well as in all tumorigenic cell lines, but virtually no expression was detected in primary HFKs or CEs (Figure 1 ). This result suggests that upregulation of FAK gene expression may be a consequence of immortalization and, therefore, might represent an early event in carcinogenesis of epithelial cells. As a means of determining whether the increased protein expression of FAK also results in increased FAK catalytic activity, an in vitro kinase assay was performed on rapidly proliferating, early passage, primary HFKs and CEs, virus-immortalized cells, and tumorigenic cell lines. Equivalent amounts of protein from cell extracts were immunoprecipitated with an antibody speci®c to FAK, and [g-32 P]ATP was added to the immune complexes in a kinase reaction. Phosphorylated proteins were detected by gel electrophoresis and autoradiography. FAK autophosphorylation was substantially increased in all immortalized and tumorigenic cell lines relative to primary CEs or HFKs ( Figure 2a , lanes 2, 5 ± 7 and lanes 1, 3, 4, respectively). Quantitation using a phosphorimager revealed a 5 ± 10-fold increase in autophosphorylated FAK in immortalized HFK and CE cells relative to their respective primary cells.
To further demonstrate that the upregulation of FAK activity was speci®cally a result of HPV-18 E6/E7 immortalization of epithelial cells, separate¯asks of cells derived from the same foreskin were grown in parallel and infected with the HPV-18 E6/E7 retrovirus. Dierentiation-resistant colonies were isolated as previously described (Schlegel et al., 1988) , extracted, and the levels of FAK activity were compared directly to their primary cell counterpart at early passage by an in vitro kinase assay ( Figure 2b ). A dramatic increase in the levels of FAK kinase activity in the HFKs following immortalization with the E6 and E7 genes of HPV-18 was apparent when equivalent amounts of protein (3 mg) were immunoprecipitated. To con®rm that the increased autophosphorylation corresponded to increased tyrosine phosphorylation of FAK, extracts prepared from the same primary HFK culture (HFK 145; shown in Figure 2b as HFK primary) and one of the HPV-18-immortalized clones (HFK 145-3) were immunoprecipitated with an antibody speci®c to phosphotyrosine and the phosphotyrosine-containing proteins were immunoblotted with the FAK antibody. Signi®cantly higher levels of tyrosine phosphorylation of FAK were evident in HPV-18 immortalized HFKs relative to their primary counterpart (Figure 2b ; right-hand panel). 32 P]ATP as described in the Materials and methods section, and were separated on an 8%-polyacrylamide gel and directly dried down following electrophoresis. The gel shown was exposed to ®lm for 30 min. Lane 1, primary human foreskin keratinocytes (HFK); lane 2, human foreskin keratinocytes immortalized by transfection of a plasmid capable of expressing both HPV-18 E6 and E7 proteins; lanes 3 and 4, primary cervical epithelial cell cultures; lanes 5 and 6, the same cervical cell cultures following infection with HPV18 E6/E7 retrovirus; lane 7, SiHa tumorigenic cell line. (b) FAK autophosphorylation (left-hand panel) and tyrosine phosphorylation (right-hand panel) of a matched set of primary and HPV-18 retrovirus-infected foreskin epithelial cell cultures. Left-hand panel: lanes 1 ± 4, a foreskin keratinocyte culture HFK 145, here designated HFK primary, was extracted at early passage and compared directly to three independently isolated, dierentiationresistant colonies of HFK 145 cells (HFK 145-1, HFK 145-2, and HFK 145-3) following infection with the HPV-18 retrovirus for FAK autophosphorylation in an in vitro kinase assay; lane 5, SiHa cervical carcinoma cell line. Right-hand panel: HFK 145 primary cells and HPV-18 retrovirus-infected HFK 145 cells (clone 3: HFK 145-HPV18-3) were evaluated for levels of tyrosine phosphorylated FAK. Equivalent amounts of protein (4.8 mg) from each cell culture were immunoprecipitated with an antiphosphotyrosine antibody (anti-PY; 4G10) and the precipitated phosphotyrosine-containing proteins were immunoblotted with an antibody directed against FAK (2A7). Proteins were visualized by chemiluminescence. The CE-4 primary cell extract was excluded from this analysis because there was not a sucient amount of extract and the cells were no longer available is phosphorylated by FAK on tyrosine residues (Bellis et al., 1995; Burridge et al., 1992; Hildebrand et al., 1995; Schaller and Parsons, 1995; Turner and Miller, 1994; Turner et al., 1993) . To determine if the activation of FAK in HPV-containing epithelial cells results in increased tyrosine phosphorylation of paxillin, an immunoprecipitation/immunoblot (IP/IB) experiment was carried out on extracts prepared from primary, immortalized, and carcinoma cells. Equivalent amounts of total cell protein were ®rst immunoprecipitated with antibodies directed against phosphotyrosine. Immunoprecipitated, phosphotyrosine-containing proteins were then separated by SDS ± PAGE and immunoblotted with a monoclonal antibody reactive to human paxillin. In parallel, cell extracts were evaluated for paxillin expression by straight immunoblot analysis (Figure 3a) . These studies revealed somewhat higher levels of paxillin expression in an immortalized HFK cell line (lane 2) relative to their parental cells (lane 1), and much higher levels in immortalized CE and cervical carcinoma cell lines (lanes 5 ± 9) relative to CE primary cultures (lanes 3 and 4). Two independently isolated HPV-18-immortalized CE cell lines were included in this panel to further verify that the vast overexpression in the immortalized CE cells was not due to inaccurate loading or a particularity to one of the cell lines. Most signi®cantly, higher levels of phosphotyrosine-containing paxillin were evident in all HPV-containing cell lines relative to the primary HFK 145 culture (lane 1) and the primary CE-1 culture (lane 3), suggesting that the increased FAK catalytic activity in these cells results in increased tyrosine phosphorylation of a putative downstream substrate of FAK (Figure 3b) . Interestingly, no phosphotyrosine-containing paxillin could be detected 
Abundant paxillin expression in invasive and metastatic cervical cancers
To provide evidence that the high expression levels of a putative downstream target of FAK in HPV-containing, cervical epithelial cell lines may have in vivo relevance, paxillin expression patterns in uterine cervix tissues obtained by biopsy were evaluated using immunohistochemistry with a paxillin monoclonal antibody. Weak cytoplasmic staining of the basal cells was noted in all 13 examples of normal ectocervical squamous epithelium, with no staining of the parabasal or more super®cial cells (Figure 4a ). Of three examples of low grade dysplasias, two showed moderate and one strong basal layer staining, accompanied by staining of some parabasal cells (Figure 4b ). The intensity of staining in high grade dysplasias was strong in 11 of 14 examples, and also exhibited parabasal layer staining (Figure 4c ). Six invasive carcinomas and one metastatic cancer ( Figure  4d and e) were also examined for paxillin staining. These specimens exhibited the most intense staining of all the specimens, although of interest was the fact that some of the invasive carcinomas showed variations in intensity, with more dierentiated areas exhibiting less intense staining. These ®ndings are therefore consistent with the results obtained from cultured cells, and suggest that paxillin expression is increased in cervical dysplasia and carcinoma.
A possible mechanism for activation of the FAK signal transduction pathway: abundant ®bronectin expression and deposition by HPV-containing epithelial cells
The engagement of integrins with the extracellular matrix, such as the attachment and spreading of cells on ®bronectin, increases the tyrosine phosphorylation of FAK (Burridge et al., 1992; Guan et al., 1991; Kornberg et al., 1992; Schaller et al., 1993) . To determine if the increased FAK phosphorylation observed in HPV-18-immortalized HFKs might be a consequence of increased cellular expression/deposition of ®bronectin and an enhanced engagement with integrins, immuno¯uorescence (IF) studies were undertaken using an antibody directed against ®bronectin. Indirect IF on primary keratinocytes revealed high levels of ®bronectin staining only in a small minority of cells (Figure 5a and c). Roughly one cell in 100 exhibited high levels of ®bronectin expression. These positively stained cells, however, did not stain with an anti-pan-cytokeratin antibody, suggesting that these cells are not keratinocytes, but are ®broblasts that have contaminated the culture during the dissociation of the epithelium (Figure 5b and c) . The majority of the cells which stained poorly with the ®bronectin antibody expressed cytokeratins (CKs), thus con®rming their identity as keratinocytes. The HPV-18-immortalized cell line (HFK 145-HPV 18) revealed a particularly distinct ®bronectin expression pattern (Figure 5d and f). Fibronectin was highly expressed intracellularly and appeared to be extensively deposited by the cells to the extracellular matrix. This was apparent particularly in regions of the coverslip where no cells were evident (e.g., the area to the left of the cells in Figure 5d and e). These same cells exhibited high levels of CK expression, which con®rmed their identity as keratinocytes (Figure 5e and f). These results suggest that HPV-18-immortalization of human epithelial cells leads to increased ®bronectin expression and provides a mechanism whereby increased ®bronectin expression may lead to enhanced integrin-clustering and activation of FAK. In contrast to the HPV-immortalized cells, the tumorigenic SiHa, HeLa, and SV-40 immortalized cell lines did not express high levels of ®bronectin (data (Figure 4 ). Most importantly, our data suggest that FAK activation and the consequent changes in integrin-mediated cellular signaling through increased extracellular and intracellular ®bronectin may represent one of the early events in the process of cervical carcinogenesis. It is interesting to speculate that the mechanism by which HPV infection maintains epithelia in a dedierentiated and proliferative state is through the autocrine activation of the FAK pathway. The lack of activity of FAK and ®bronectin expression in primary epithelial cells and high levels in immortalized and transformed cell lines suggest that the inhibition of FAK activity or the perturbation of the FAK-induced signaling pathway may provide a means of blocking the progression of cervical cancer cells. In a related study, Sheibani et al. demonstrated that HFKs immortalized by HPV-16 DNA and malignantly converted by transfection of the H-ras oncogene produced increased amounts of soluble and cell surface-associated ®bronectin (Sheibani et al., 1991) . Furthermore, these authors found that immortalization by HPV-16 DNA alone, in contrast to the studies described herein using HPV-18, was not sucient to increase ®bronectin production in HFKs. The differences observed between these studies may relate to the inherent dierences in the E6 and E7 oncogenes of the two HPV subtypes or the dierent expression vectors used in these studies.
FAK and other integrin associated kinases (Hannigan et al., 1996) appear to provide a key association between cell adhesion, motility, dierentiation, and growth factor-initiated pathways that modulate proliferation and the control of cellular gene expression. For example, the activation of FAK upon cell adhesion to ®bronectin results in the association of FAK with Grb2 adaptor protein and the transient activation of the MAP kinase pathway (Schlaepfer et al., 1994) . Thus, it is becoming clear that the association of a multitude of cytoskeletal components and the activation of signal transduction cascades, through both protein kinases and signal transduction molecules, is an essential component in controlling cellular adhesion, proliferation, dierentiation, and possibly other cellular functions. Our data suggest that activation of FAK following HPV-18 infection of human genital epithelial leads to increased tyrosine phosphorylation of the putative substrate of FAK, paxillin. It remains to be determined if other associated signaling molecules, such as those linking FAK to the MAPK pathway, are activated following HPV-18 infection.
The increased expression and deposition of fibronectin upon immortalization of keratinocytes by HPV-18 suggests that increased cellular adhesion to extracellular matrix proteins is necessary for the inhibition of terminal dierentiation. In support of this postulate, ®bronectin was shown to inhibit the terminal dierentiation of human keratinocytes (Adams and Watt, 1989) . These results suggest that the activation of the integrin receptors, possibly a speci®c class, is sucient to inhibit the dierentiation process. In light of these studies, the HPV-induced increase in expression and deposition of ®bronectin described in this study may provide the extracellular signal necessary for blocking terminal dierentiation and allowing continuous proliferation. The consequence of these interactions may thus be cervical intraepithelial neoplasia (CIN).
Our studies suggest that induction of FAK catalytic activity is a consequence of the viral oncoproteinmediated inactivation of p53 and pRb, which are two of the tumor suppressor genes often mutated in cancers. However, in these experiments, we cannot distinguish whether E6 or E7 can individually result in FAK and ®bronectin overexpression but independent lines of evidence indicate that both E6 and E7 proteins may be required for the activation of the FAK signaling pathway. Preliminary data in mammary epithelial cells indicate that the E6 protein is sufficient to induce FAK levels (data not shown). In addition, previous results of Dagnino et al. indicate that the ®bronectin promoter is negatively regulated by the p107 member of the Rb-family of proteins, through an E2F-independent mechanism (Dagnino et al., 1995) . Hence, one would predict that the inactivation of p107 by HPV E7 would result in an increase in ®bronectin expression. Furthermore, both the E6 and E7 proteins appear to be required for ecient immortalization of epithelial cells (MuÈ nger et al., 1989a) , indicating that inactivation of both p53 and the Rb family are required. The activation of FAK may require the coordinated expression of E6 and E7, resulting in elevated expression of FAK through p53 degradation and increased expression of ®bronectin due to p107 inactivation, respectively.
A fundamental characteristic of neoplastic keratinocytes is their ability to proliferate in the absence of ECM attachment, whereas normal keratinocytes undergo growth arrest and/or apoptosis under these conditions (Ruoslahti and Reed, 1994) . Interestingly, HPV-containing cervical carcinoma cell lines and SV40-immortalized cell lines exhibited low levels of ®bronectin expression (data not shown) but high levels of FAK catalytic activity (Figure 2 ). Similar to the carcinoma cell lines and in contrast to HPVimmortalized cells, SV40-immortalized cells exhibit a higher proliferation rate, are able to grow in soft agar, and are tumorigenic (data not shown). The lack of expression in SV40-immortalized cells was surprising considering that the HPV oncoproteins and SV40 large T-antigen target some of the same cellular proteins for inhibition. The SV40-immortalized and carcinoma cell lines may thus utilize an alternative mechanism for activation of the FAK signaling pathway that is independent of adhesion but is related to their tumorigenic properties. The ®bronectin-independent activation of FAK in these transformed cells may therefore be directly responsible for the ability of these cells to grow in the absence of cellular adhesion. Lending credence to this suggestion, several lines of evidence indicate that FAK becomes activated either by the stimulation of PTK growth factor receptors (Abedi et al., 1995; Rankin and Rozengurt, 1994; Matsumoto et al., 1994) or G-protein-coupled receptors by their respective ligands (Zachary and Rozengurt, 1992; Sinnett-Smith et al., 1993) .
To date, little evidence exists which links FAK activity to carcinogenesis. For example, no known mutation rendering FAK an oncogene has been described. However, the elevation of FAK phosphorylation and activity following both cell adhesion to ECM and cell transformation by Rous sarcoma virus suggests an involvement of FAK activity in the process of oncogenic transformation . Furthermore, in a recent study of a variety of human tumors, including colon and breast carcinomas, FAK expression was shown to be signi®cantly elevated relative to normal tissues from the same patients (Owens et al., 1995) . In fact, levels of FAK in this study appeared to correlate with the invasive potential of the tumor. Recent data has indicated that stimulation of FAK in epithelial cells induces inhibition of apoptosis, which is accompanied by anchorage-independent growth and increased tumorigenic potential (Frisch et al., 1996) . Consistent with this data, the attenuation of FAK expression through antisense oligonucleotides has been shown to induce apoptosis in tumor cells (Xu et al., 1996) . Selective inhibition of FAK activity may thus decrease the tumorigenic or metastatic potential of cancer cells.
The data present herein add to the growing evidence that the activation of FAK signal transduction pathway may provide an important step in the immortalization and transformation processes of epithelial cells. It remains to be determined if the activation of FAK in cervical epithelial cells can mediate cell immortalization or anchorage-independent growth. Further studies on the roles of FAK and its associated proteins are essential for delineating their roles in the processes of normal epithelial dierentiation and HPV-induced cellular immortalization.
Materials and methods
Cell culture
For the establishment of primary cervical keratinocytes, ectocervical epithelia from histologically normal human uteri were removed for benign disease, dissociated into single cell suspensions by agitated trypsinization, and plated for tissue culture in the absence of irradiated ®broblast feeder cells. Colonies of keratinocytes emerged after one week of incubation in a de®ned keratinocyte growth medium and could be propagated for at least 8 ± 10 passages prior to senescence. At the second or third passage, the cells were either infected with a recombinant retrovirus expressing HPV-18 E6 and E7 genes (gift of R Schlegel), infected with SV40 DNA, or transfected with a plasmid which expresses HPV-18 E6 and E7 (CCB-18: gift of R Schlegel). Single cell clones were isolated, expanded and then used for comparative studies with the primary cell cultures from which these cells were derived. Cultures from the same cervix or foreskin which were not transfected or infected were grown and harvested for protein analysis (immunoblots and kinase assays) to be carried out in parallel with their immortalized counterparts. These cultures were always harvested at early passage number (54) when the cells were proliferating at a maximal rate. Immortalized colonies would routinely emerge at 2 to 3 weeks post-transfection or post-infection.
RNA isolation and RT ± PCR
Both total and messenger RNA (mRNA) were puri®ed from primary, immortalized, and tumorigenic cell lines. The puri®ed RNAs were used for minus-strand cDNA synthesis using either poly dT 18 or PTK2 (see below) to prime the reverse strand synthesis. Single-stranded cDNA products were then used in PCR reactions with oligonucleotides (oligos) corresponding to two highly conserved regions of the catalytic domains of tyrosine kinases (PTK I: domain VI; PTK II: domain IX) which are separated by about 200 base pairs (bp). These oligos were modi®ed from previously published studies in that they contain inosine (I) at positions of degeneracy and anneal to considerably longer stretches of the conserved protein kinase domains (Wilks, 1991) . In addition to the kinase domain homology, the PTK I oligonucleotide sequence (5'-CGGATCC-A/ G -TICA -C/T-A/C -GIGA -C/T-C/T-TII-G/C-IGCII-G/C-IAA-3') contains a 5' BamHI linker site; the PTK II oligonucleotide sequence (GGAATTIA-C/T-ICC-A/G-A/ T-AII-A/T-CCAIAC-A/G-TCI-G/C-A/T) contains a 5' EcoRI linker site. Utilizing a touchdown PCR method (Hecker and Roux, 1996), we attempted to obtain PTK clones that were re¯ective of the expressed population within the cells (948C for 1 min, 498C for 2 min, 728C for 30 s, repeated for 3 cycles; the denaturing and extension parameters were retained with the exception that the annealing temperature was progressively decreased to 468C, 438C 408C, for 3 cycles each and the ®nal annealing temperature was at 378C for 30 cycles). In separate attempts, we also used a standard PCR program and arrived at the same results. The PCR products were analysed on agarose gels to determine correct size (approx 200 bp) and quantity, and then subcloned into pGEX (Promega, Inc). Individual clones were selected and sequenced using standard dideoxytermination method. The DNA sequences were then analysed using the NCBI TBLASTN program or open reading frames were determined and analysed by the BLASTP program.
Immunoblot and immunoprecipitation analysis
An equivalent quantity of cell extract (100 mg) from primary, HPV-immortalized, SV-40-immortalized, and cervical cancer cell lines was analysed by SDS ± PAGE followed by Western immunoblot analysis as previously described (Goldstein et al., 1994) using the Tropix Western immunoblot kit. Two primary cervical epithelial cell (CE) cultures isolated from two dierent patients, were immortalized using the retrovirus that expresses HPV-18 E6/E7 genes.
For detection of tyrosine phosphorylated FAK and paxillin, primary, HPV-immortalized, and SV40-immortalized epithelial cells were extracted as described (Goldstein et al., 1994 ) in a Triton X-100-based lysis buer (50 mM hydroxyethyl piperazine ethanesulfonic acid (HEPES), 1% Triton X-100, 20 mM Tris-HCl, pH 7.5, 50 mM NaCl, 2.5 mM EDTA, 50 mM NaF, 10 mM Na PP i 1 mM Na 3 VO 4 , 1 mM phenylmethylsulfonyl¯uoride (PMSF, Sigma), 10 mg/ml aprotinin, (Boehringer Mannheim, Indianapolis, IN), 10 mg/ml leupeptin (Boehringer Mannheim) and 4 mM diisopropyl¯uorophosphate (DFP; Sigma, St Louis, MO). Protein concentrations were normalized to 3 mg. Extracts were incubated with 10 mg of an antiphosphotyrosine monoclonal antibody (4G10, UBI #05-321) and Protein-A Sepharose. The samples were washed three times with 1 ml of lysis buer. The beads were ®nally resuspended in 80 ml of sodium dodecyl sulfate (SDS) loading buer and boiled for 4 min. prior to loading on 8% polyacrylamide gels. Electrophoretically separated proteins were transferred to Immobilon-P membranes (Millipore, Bedford, MA). The membranes were cut at the correct molecular weight positions to allow for the independent detection of both FAK and paxillin. Immunoblot analysis was performed as previously described (Goldstein et al., 1994) using an anti-paxillin antibody (Transduction Laboratories, Lexington, Kentucky; cat. # P13520; 1 : 10 000 dilution) or an anti-FAK antibody (UBI cat. #05-182; 1 mg/ml). Proteins were visualized using a Tropix chemiluminescence detection kit (Tropix, Bedford, MA). Membranes were typically exposed to ®lm for between 30 s and 10 min.
In vitro kinase assay
Total cell extracts were prepared as described above and subjected to immunoprecipitation using the FAK monoclonal antibody (UBI #05-182). Following a 1 h incubation on ice with FAK antibody, a saturating amount (2.4 mg/ ml) of rabbit anti-mouse antibody (Jackson Immunochemical) and protein-A Sepharose were added and the incubation was continued for an additional hour. Immunoprecipitated proteins were washed and exposed to [ 32 P]ATP in kinase buer as previously described (Goldstein et al., 1992) and the labeled proteins were separated by SDS ± PAGE and exposed to autoradiography.
Immunohistochemistry
Twenty-nine paran-embedded cervical lesions and one metastatic lesion from a cervical squamous cell carcinoma were obtained from the Roswell Park Cancer Institute's Department of Pathology ®les. The 29 cervical lesions included 12 examples of normal squamous epithelium, six squamous metaplasia, four human papillomavirus infection, four CIN I, three CIN II, 13 CIN III, and six invasive squamous cell carcinomas (SSC). Some biopsies exhibited multiple histologies in the same biopsy (e.g normal, CIN III and invasive SCC). CIN was diagnosed using previously described criteria (Ferenczy and Winkler, 1987) . Immunohistochemistry was performed on deparanized sections following microwave antigen retrieval in citrate buer twice for 10 min. A monoclonal antibody recognizing human paxillin (Transduction Laboratories) was used at a dilution of 1 : 200 with incubation at 378C for 1 h. The avidin-biotin detection method was used on a Ventana Automated System (Ventana Medical System, Tucson, AZ). Omission of the primary antibody served as a negative control.
Indirect immuno¯uorescence detection of ®bronectin and cytokeratins
The same number of immortalized and non-immortalized epithelial cells were plated onto coverslips and grown for 48 h to 25 ± 50% con¯uency. The cells were washed three times with PBS (pH 7.4) and then ®xed for 15 min at room temperature in PBS (pH 7.4) containing 3.7% formaldehyde. Cells were rinsed three times in PBS (pH 7.4) and incubated with a PBS solution containing 10% normal goat serum and 0.1% saponin for 30 min. Coverslips were then incubated with the same PBS solution containing an anti-human monoclonal antibody to ®bronectin (GibcoBRL, clone 1, cat. #12061-016; 1 : 750 dilution) and a polyclonal antibody to human cytokeratins (DAKO, cat. #Z0622; 1 : 100 dilution). The coverslips were incubated in a humidi®ed chamber room temp. for 1 h and the antiserum was removed by washing in PBS. The proteins were visualized by incubating the cells with a PBS/NGS/saponin solution containing both¯uorescein-conjugated goat antirabbit IgG and rhodamine-conjugated goat anti-mouse IgG (Jackson Immunologicals), both at a dilution of 1 : 50. After incubation for 1 h, the coverslips were washed three times in PBS and mounted with Fluoromount (Fisher Scienti®c). The cells were then visualized using a Zeiss uorescence microscope at a magni®cation of 4006.
